Diabetes is associated with substantially increased mortality. Classic risk factors explain a portion of the excess of mortality in type 2 diabetes. The aim of this study was to examine whether visit-to-visit variation in fasting glucose and haemoglobin A1c values in the Veteran Affairs Diabetes Trial were associated with all-cause mortality in patients with type 2 diabetes in addition to other comorbidity conditions, hypoglycaemic events and adverse lifestyle behaviours. The Veteran Affairs Diabetes Trial was a randomized trial that enrolled 1791 military veterans who had a suboptimal response to therapy for type 2 diabetes to receive either intensive or standard glucose control. During the Veteran Affairs Diabetes Trial, fasting glucose and haemoglobin A1c were measured quarterly for up to 84 months. Variability measures included coefficient of variation and average real variability. We found that variability measures (coefficient of variation and average real variability) of fasting glucose were predictors of all-cause mortality, even after adjusting for comorbidity index, mean fasting glucose and adverse lifestyle behaviour during the study. Accounting for severe hypoglycaemia did not weaken this association. Our analysis indicates that in the Veteran Affairs Diabetes Trial, longitudinal variation in fasting glucose was associated with all-cause mortality, even when accounting for standard measures of glucose control as well as comorbidity and lifestyle factors.
Introduction
Diabetes is associated with substantially increased mortality. [1] [2] [3] [4] Classic risk factors, for example, older age and pre-existing cardiovascular disease (CVD), explain a portion of the excess of mortality in type 2 diabetes (T2D). [5] [6] [7] Although improving glycaemic control, usually assessed by mean levels of haemoglobin A1c (HbA1c) or fasting glucose, is a key recommended goal for clinicians to enhance diabetes care, [8] [9] [10] the relationship of glucose control with mortality appears more complicated. Data from observational studies have shown J-shaped distributions for mortality and glycaemic control, with not only high HbA1c but also low HbA1c associated with mortality risk. [11] [12] [13] Moreover, intensive efforts to lower glucose in more advanced T2D patients have failed to reduce, or even increased, mortality. [14] [15] [16] Recently, several studies reported adverse effects of glycaemic variation on macro-and microvascular complications, as well as risk of hypoglycaemia. [17] [18] [19] [20] [21] [22] However, studies to examine the relationship of glycaemic instability with mortality in T2D patients have been limited in number and have varied widely in the patient population studied, the length of follow-up and in the source and nature of the data collected. [23] [24] [25] [26] An investigation using primary care medical record data from the United Kingdom among diabetes patients aged 70 years and older reported the association between glycaemic variability, as measured by variability in HbA1c over a 5-year period, and mortality. 11 Among US military veterans with T2D, Prentice et al. 4 used electronic medical records (EMR) to examine the relationship between HbA1c variability and adverse health outcomes including all-cause mortality. Using data from the only glucose lowering trial that has examined this issue, visit-to-visit glycaemic variability (HbA1c and blood glucose) was identified as a strong independent predictor of mortality for mildly hyperglycaemic T2D patients randomized to intensive glucose lowering therapy in the Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation (ADVANCE) trial. 18 However, a critical concern in prior studies is whether unmeasured factors in underlying health or behaviour may confound the relationships of glycaemic variation with mortality. Whereas Prentice et al. adjusted for baseline comorbidity, this may be less completely captured in EMR. Moreover, no studies have adequately considered adverse lifestyle behaviours during follow-up.
Therefore, we used data collected during the Veteran Affairs Diabetes Trial (VADT) to examine the association of time-dependent glycaemic variability with mortality. As extensive data collection was possible during the frequent in person visits, the current analysis was able to more fully account for health status and adverse lifestyle behaviours when examining the association of glycaemic variability with all-cause mortality.
Methods
The VADT was a randomized trial that enrolled 1791 military veterans (mean age, 60.4 years) who had a suboptimal response to therapy for T2D (HbA1c > 7.5%) to receive either intensive or standard glucose control. 5, 27 HbA1c and fasting glucose were measured every 3 months up to a maximum of 84 months. We excluded observations from the first 6 months of the trial to eliminate the effect of rapid reduction (per protocol) in fasting glucose and HbA1c and excluded individuals with two or fewer measurements of fasting glucose or HbA1c. The primary outcome for this analysis was all-cause mortality.
Lifestyle data were extracted from baseline and quarterly follow-up questionnaires: (1) To generate adverse lifestyle score, we counted the total number of adverse behaviours over the three questions at each visit. In order to study the contribution of lifestyle score to glycaemic variability, we first categorized visit-to-visit glycaemic variability into the lower 50% and upper 50% and used the lifestyle score in a generalized estimation equation model to estimate its relationship with glycaemic variability. We found that a cumulative (worse) lifestyle score was a modest but statistically significant predictor of increased glycaemic variability [odds ratio (confidence interval, CI), 1.021 (1.011, 1.031), p < 0.0001] and all-cause mortality [hazard ratio (HR) (CI), 1.027 (1.010, 1.044), p = 0.001].
We compared risks of cumulative mean, maximum and most recent fasting glucose or HbA1c values prior to the mortality event with measures of variability for both fasting glucose and HbA1c. Coefficient of variation (CV) and average real variability (ARV) are frequently used and distinct measures of glycaemic variability. 4, 18, 21, [28] [29] [30] As previously described, 21 we normalized these by means of fasting glucose and HbA1c, respectively. Variables of glycaemic risk were calculated as continuous and time-dependent covariates in Cox proportional hazard models. 17, 31 We first examined quintiles of (CV)log-glucose and ARV-glucose (or similar variability measures using HbA1c) to compare the risks of mortality between high versus low variability groups in an age-adjusted model. 21 Risk of continuous glycaemic variation measures were then modelled after adjusting for: Model 1: age only; Model 2: age and baseline covariates reflecting significant baseline differences in characteristics between those who did and did not die during the study (Table 1 ) including a modified updated Charlson comorbidity index to reflect diabetes-related comorbidity (Supplementary Table 1 ; similar results were obtained if using standard Charlson comorbidity index; 32, 33 Model 3: age, baseline covariates and cumulative mean of fasting glucose or HbA1c to clarify whether variability measures provided risk prediction beyond standard glucose measures; Model 4: Model 3 and a lifestyle score that was treated as a time-dependent covariate. Finally, we considered whether severe hypoglycaemia could be driving the relationship between glycaemic variability and mortality. We first added the variable cumulative severe hypoglycaemia to Model 4 and second, we repeated analysis after removing all patients with severe hypoglycaemia events.
All statistical analyses were performed using R version 3.4.4 (https://www.r-project.org). A two-sided p < 0.05 was considered statistically significant.
Results
A total of 1659 individuals who had at least two measurements of fasting glucose or HbA1c after the first 6 months were included in the analysis, of which 166 died during the study. The mean and median time to allcause death was 48.5 and 48.4 months. There were on average 18.5 visit fasting glucose and HbA1c measures for individuals within the cohort, and a maximum of 26 measures. The cohort was 90% men and had a mean (SD) age of 64.4 (8.6) years. Several baseline risk factors were associated with mortality, including ethnicity [non-Hispanic White (NHW) or not], diabetes duration, prior CVD event, baseline diastolic blood pressure, baseline high-density lipoprotein (HDL) cholesterol, baseline total cholesterol and the updated Charlson comorbidity index (Table 1) .
In an age-adjusted model, for fasting glucose and HbA1c, both log(CV) and ARV show significant trends for increasing risk of mortality with higher quintiles of glucose variability (Figure 1 ). Compared with quintile 1, individuals with fasting glucose variability in the upper quintiles (i.e. quintiles 2, 3, 4 and 5) had significantly higher risk of all-cause mortality. Although there was a significant trend for increasing mortality risk with HbA1c variability, HbA1c variability measures were generally weaker predictors of all-cause mortality than fasting glucose measures of variability.
In Model 2 adjusting for multiple baseline risk factors, the variables' cumulative mean fasting glucose, cumulative maximum fasting glucose, glucose measures (glucose and HbA1c) just prior to death, and log(CV) and ARV of fasting glucose were all significant risk factors (p < 0.05) for all-cause death ( Table 2) . After additionally adjusting for cumulative mean HbA1c or glucose (Model 3), both fasting glucose and HbA1c variability measures were still significant. Interestingly, variability measures, but not standard measures of glucose control, were significant predictors of all-cause mortality, after adjusting for age, baseline risk factors and cumulative mean HbA1c or glucose.
As adverse lifestyle behaviour may confound the association between glucose variation and mortality, we examined whether adverse behaviours contributed to glucose variability and whether this contribution explained the association of glucose variability with mortality. We found that a cumulative (worse) lifestyle score was a modest but statistically significant predictor of increased glycaemic variability (Supplementary Material). However, after additional adjustment for the effects of cumulative lifestyle factors (Model 4), fasting glucose variability remained a significant predictor of all-cause mortality and was weakened by only 2%-4%. Additional adjustment for severe hypoglycaemia did not reduce the association of fasting glucose variability with all-cause mortality, but reduced significance of HbA1c variability. When excluding participants who experienced severe hypoglycaemia events (n = 268), we found no change in the relationships of log(CV) glucose and ARV glucose with all-cause mortality (Table 3) .
Discussion
Our findings show that during the VADT glucose lowering intervention phase, visit-to-visit variability measures were significantly associated with all-cause mortality.
Adjustment for standard risk factors and standard measures of glucose control (e.g. fasting glucose) did not lessen the association. These data indicate that even these relatively simple measures of visit-to-visit variation may provide additional information regarding future mortality risk. Although the number of events was substantially lower, significant associations were found for both CVD specific (n = 57) and all other (n = 109) mortality endpoints in exploratory analyses (p < 0.05 for both fasting glucose log(CV) and ARV for using Model 4) .
These findings are consistent with the growing body of work demonstrating that oscillation of plasma glucose can enhance oxidative stress generation and alter endothelial function more than stable elevated levels of glucose. 28, 34, 35 This suggests that the pattern of glucose control, not just the absolute levels, may also be a determinant of disease risk. The VADT was a large, carefully conducted trial that provides a more carefully defined and better characterized cohort than was examined in most previously reported studies. 11, 19 This allows us both confidence in the 'fasting' nature of blood draws and in the estimates for very important potential confounders such as hypoglycaemia, comorbidity and unhealthy lifestyle behaviour; factors that have infrequently been considered (and never altogether) in analyses. The persistence of glucose variation measures as predictors of all-cause mortality after accounting for these variables provides further support for their unique and clinical importance. In addition, there were many visits over the nearly 7 years of follow-up providing many glucose measures for a robust estimate of long-term visit-to-visit variation. As the VADT was a randomized study of glucose treatment intensity (not different medication classes), participants' diabetes medications were quite similar overall, removing an important potential contributor to glucose variation and outcomes that were less readily addressed in prior observational studies. In contrast to the sub-analysis of ADVANCE, 18 this analysis was not limited to the more intensively treated arm, providing a complementary whole cohort analysis that helps make these findings more generalizable.
Our study has several limitations. The typical participant in the VADT was older, predominantly male and at high CVD risk. These results do however support the findings reported from ADVANCE, 18 which included a more diverse set of T2D participants. We were not able to estimate daily glucose variation as that requires more extensive collection of daily glucose measures than was conducted within the VADT. This within day glycaemic variation could add to, or perhaps account for, the effects of visit-tovisit variation. Finally, there are potentially other unmeasured variables, including other adverse lifestyle behaviours, that may account for some of the relationship between glucose variation and mortality.
In conclusion, our study finds a strong association between higher visit-to-visit glycaemic variability and increased risk of mortality during the VADT that is independent of other traditional risk factors. These associations persist even when accounting for the increased risk for severe hypoglycaemia that accompanies greater glucose variation. These results greatly strengthen the growing body of evidence supporting the importance of glycaemic variation in diabetes complications and suggest that efforts to improve glucose control in patients may need to consider how these strategies influence glucose fluctuation. analysis methods and acquired the data. P.R. was an executive committee member for the VADT. All authors reviewed and edited the manuscript, approved the final version and are accountable for all aspects of the work. J.J.Z. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. Glycemic Control and Complications in Diabetes Mellitus Type 2 (VADT) is registered at ClinicalTrials. gov with identifier: NCT00032487. 
